A generalized hybrid modeling is proposed to estimate the chemical shrinkage and modulus evolutions at arbitrary temperatures. Using the existing curing kinetics modeling, a theoretical formulation is developed to provide a mathematical relationship between the evolution properties at arbitrary temperatures and those obtained at a reference temperature. The evolution properties at the reference temperature are obtained first by the fiber Bragg grating (FBG) sensor method. The activation energy is determined from the supplementary curing extent data obtained at various temperatures using the differential scanning calorimeter (DSC). The shift factor is then calculated from the activation energy, and the evolution properties at a temperature range of interest are estimated from the reference properties.
Introduction
Accurate determination of both effective chemical shrinkage and modulus evolutions of polymeric materials is needed for evaluation of the stress state in packages during the polymerization. A fiber Bragg grating (FBG) sensor method was developed and implemented to simultaneously measure the effective chemical shrinkage and modulus as a function of time during polymerization [1] . In the method, the polymer of interest is cured around a glass FBG and the Bragg wavelength (BW) shift is continuously documented while polymerization progresses at the curing temperature. The evolutions of the effective chemical shrinkage and modulus of the tested material are determined inversely from the measured BW shift using the theoretical relationships between the BW shift and the properties.
In the previous work the evolution properties were determined at a specific curing temperature (will be referred to as "reference temperature"). In this study, a hybrid approach is proposed to estimate the evolution properties at arbitrary temperatures from the properties measured at the reference temperature. Using the existing curing kinetics modeling, a theoretical formulation is developed to provide a mathematical relationship between the evolution properties at arbitrary temperatures and those obtained at the reference temperature.
The theoretical formulation of the proposed model is presented first. Then the model is implemented to estimate the evolution properties of an underfill material at various temperatures.
Theoretical Formulation
A general model for the curing kinetics of polymers can be written as [2] [3] [4] [5] [6] ( ) ( ) dp k T f p dt
where p is the curing extent, t is the time, k(T) is the rate constant that depends on the temperature and f(p) is the conversion-dependent function. The rate constant is related to the temperature through an Arrhenius relationship and can be expressed as
where A is a material constant, E a is the activation energy and R is the ideal gas constant (8.314 / J mol K  ). It is important to note that the function f(p) can take any mathematical form of p; e.g., n th order models [7] which can be expressed as
Substituting Eqn. (2) into Eqn.
(1) and integrating on both sides yields The relation between the modulus and the curing extent can be modeled as
where 0 E  is a temperature-dependent equilibrium modulus when the polymer is fully cured. The function, H(p), can also take any mathematical form of p; e.g., a percolation theorybased model which can be written as [10] [11] 
where gel p is the curing extent at the gelation point.
where T E and Equations (7) and (10) serve as the theoretical basis for prediction of the property evolutions at arbitrary curing temperatures from the reference properties. From Eqn. (5),
where ( ) S T is the shift factor and is defined as
Equation (11) 
Implementation
The proposed method is implemented with a high temperature curing underfill material (40% filler ratio). The suggested curing schedule is 150 minutes at 175°C, which is chosen as the reference temperature.
Property evolutions at the reference temperature
The effective chemical shrinkage and modulus evolutions at 175°C were first measured using the FBG sensor method [1] . The essence of the method lies in the continuous measurement of the total BW shift of the FBGs which are embedded in two different cylindrical polymer substrates during polymerization process. The two polymer substrates have different dimensions; they are 40 times (C-1 configuration) and 20 times (C-2 configuration) of the radius of the FBG, respectively [1] .
The BW shifts after the gelation point in both configurations are plotted in Fig. 1 . An offset is made on the time axis so that the time at the gelation point is zero (referred to as "effective time").
Using the segment method and nonlinear regression [1] , the evolutions of effective chemical shrinkage and modulus were calculated from the data in Fig. 1 . The results are shown in Fig. 2 .
The effective chemical shrinkage and modulus evolve much faster at the early stage of the polymerization, and gradually converges as the polymerization proceeds. The result indicates an expected gradual decrease in the polymerization speed. C: dp/dt = 0.080*(1-p) 1.57 185 o C: dp/dt = 0.13*(1-p) 1.62 195 o C: dp/dt = 0.21*(1-p) 1 .49
Fig. 3 DSC results of the underfill at different temperatures
The curing rates change significantly at different curing temperatures. An n th order model (Eqn. (3)) was used to fit the curing extent. The result is also shown in Fig. 3 . The rate constant, k, increases by several times when the temperature increases from 175°C to 195°C. On the other hand, the reaction order, n, remains virtually the same within the temperature range; thus it is assumed to be independent of the temperature. The rate constant versus 1/T is plotted in Fig. 4 . The activation energy, E a , was obtained through the linear fitting of the data; it was found to be 89 kJ/mol. The shift factors for 165 °C and 185 °C are 0.55 and -0.52, respectively. The effective chemical shrinkage at the two temperatures can be obtained by shifting the reference data as shown in Fig. 6 .
The final equilibrium modulus of the material was also measured by the FBG sensor method; they were 0.26 GPa at 185°C and 0.28 GPa at 165°C. Using the same shift factors and Eqn. (10), the modulus evolutions at temperatures 185 °C and 165°C can be obtained. The result is shown in Fig. 7 . The concept of the shift factor is similar to the shift function widely used in the formation of the master curve in visco-elasticity.
The evolutions at three different temperatures are shown for the purpose of illustration of the method. It can be extended for any arbitrary temperatures using the same procedure.
Conclusions
A generalized hybrid modeling was proposed to estimate the chemical shrinkage and modulus evolutions at arbitrary temperatures. The evolution properties at the reference temperature were obtained first by the FBG sensor method. The activation energy and the shift factor were determined from the supplementary curing extent data obtained at various temperatures using the DSC. The evolution properties at a temperature range of interest were estimated from the reference properties using the shift factor. The results can be utilized to determine an optimum curing schedule of an underfill material considering a trade-off between the total curing time and the curing temperature.
